Stress-activated transcription factors influence T-cell function in different physiopathologic contexts. NFAT5, a relative of nuclear factor κB and the calcineurin-activated NFATc transcription factors, protects mammalian cells from hyperosmotic stress caused by the elevation of extracellular sodium levels. In T cells exposed to hypernatremia, NFAT5 not only induces osmoprotective gene products but also cytokines and immune receptors, which raises the question of whether this factor could regulate other T-cell functions in osmostress-independent contexts. Here we have used mice with a conditional deletion of Nfat5 in mature T lymphocytes to explore osmostress-dependent and -independent functions of this factor. In vitro experiments with CD4 T cells stimulated in hyperosmotic medium showed that NFAT5 enhanced the expression of IL-2 and the Th17-associated gene products RORγt and IL-23R. By contrast, NFAT5-deficient CD4 T cells activated in vivo by anti-CD3 antibody exhibited a different activation profile and were skewed towards enhanced interferon γ (IFNγ) and IL-17 expression and attenuated Treg responses. Using a model of experimental colitis, we observed that mice lacking NFAT5 in T cells exhibited exacerbated intestinal colitis and enhanced expression of IFNγ in draining lymph nodes and colon. These results show that NFAT5 can modulate different T-cell responses depending on stress conditions and stimulatory context. The ability to integrate the sensing of stress signals with inputs from diverse receptors is important for leukocytes working at sites of intense immune activity, such as inflamed tissues, infected wounds or tumors, where conditions of nutrient availability, oxygen pressure and ionic balance can differ considerably from blood and lymphoid organs. 1,2 Different stress responsive transcription factors have been shown to regulate both adaptation to stress and T-cell activation and polarization responses. For instance, FOXO transcription factors confer protection against oxidative stress and nutrient limitation in lymphocytes. 3 They also regulate Th1 and Treg polarization, and effector to memory differentiation in CD8 T cells. 3-5 Hypoxiainducible factor-1α (HIF-1α) is critical for T-cell adaptation to hypoxia but also promotes Th17 polarization, under both hypoxia and normoxia. 6, 7 The transcription factor NFAT5, also known as TonEBP, is related to nuclear factor κB and the calcineurin-activated NFATc proteins, and protects mammalian cells from hyperosmotic stress by inducing gene products that allow them to resist prolonged hyperosmotic conditions. [8] [9] [10] [11] In addition, in leukocytes exposed to osmotic stress NFAT5 induces diverse cytokines, receptors and enzymes: tumor necrosis factor-α, lymphotoxin-β and CD24 in T cells, BAFF in B cells and inducible nitric oxide synthase (iNOS) in macrophages. 2, 12, 13 Recently, NFAT5 was shown to enhance Th17 polarization in human T cells that were exposed to hypernatremia during stimulation with Th17-inducing cytokines. 14 The osmostress response is essential in the kidney medulla, where cells are continuously exposed to substantial elevations of ambient osmotic pressure. 15 Besides the renal medulla, systemic hypertonicity with elevated sodium concentrations in blood has been described in certain pathological conditions, [16] [17] [18] and in mouse models such as NFAT5-null mice 19 or mice mutant for aquaporin 1 and the V2 vasopressin receptor. 20, 21 The relevance of hypernatremia and osmotic stress in immune responses in vivo has been addressed in various works. In this regard, we showed that blood hypernatremia enhanced the expression of the homeostatic proliferation regulator CD24 in NFAT5-competent T cells and impaired the proliferation of NFAT5-deficient ones. 19 NFAT5-deficient T cells were also biased towards acquiring a memory phenotype under persistent hypernatremia. 19 Machnik et al. 22 found that skin tissues in rodents subjected to prolonged high-salt diet accumulated sodium at a concentration high enough to elicit NFAT5-mediated osmostress responses in local immune cells, and additional works have shown that a high-salt diet can exacerbate pathogenic autoimmune Th17 responses in mouse
The ability to integrate the sensing of stress signals with inputs from diverse receptors is important for leukocytes working at sites of intense immune activity, such as inflamed tissues, infected wounds or tumors, where conditions of nutrient availability, oxygen pressure and ionic balance can differ considerably from blood and lymphoid organs. 1, 2 Different stress responsive transcription factors have been shown to regulate both adaptation to stress and T-cell activation and polarization responses. For instance, FOXO transcription factors confer protection against oxidative stress and nutrient limitation in lymphocytes. 3 They also regulate Th1 and Treg polarization, and effector to memory differentiation in CD8 T cells. [3] [4] [5] Hypoxiainducible factor-1α (HIF-1α) is critical for T-cell adaptation to hypoxia but also promotes Th17 polarization, under both hypoxia and normoxia. 6, 7 The transcription factor NFAT5, also known as TonEBP, is related to nuclear factor κB and the calcineurin-activated NFATc proteins, and protects mammalian cells from hyperosmotic stress by inducing gene products that allow them to resist prolonged hyperosmotic conditions. [8] [9] [10] [11] In addition, in leukocytes exposed to osmotic stress NFAT5 induces diverse cytokines, receptors and enzymes: tumor necrosis factor-α, lymphotoxin-β and CD24 in T cells, BAFF in B cells and inducible nitric oxide synthase (iNOS) in macrophages. 2, 12, 13 Recently, NFAT5 was shown to enhance Th17 polarization in human T cells that were exposed to hypernatremia during stimulation with Th17-inducing cytokines. 14 The osmostress response is essential in the kidney medulla, where cells are continuously exposed to substantial elevations of ambient osmotic pressure. 15 Besides the renal medulla, systemic hypertonicity with elevated sodium concentrations in blood has been described in certain pathological conditions, [16] [17] [18] and in mouse models such as NFAT5-null mice 19 or mice mutant for aquaporin 1 and the V2 vasopressin receptor. 20, 21 The relevance of hypernatremia and osmotic stress in immune responses in vivo has been addressed in various works. In this regard, we showed that blood hypernatremia enhanced the expression of the homeostatic proliferation regulator CD24 in NFAT5-competent T cells and impaired the proliferation of NFAT5-deficient ones. 19 NFAT5-deficient T cells were also biased towards acquiring a memory phenotype under persistent hypernatremia. 19 Machnik et al. 22 found that skin tissues in rodents subjected to prolonged high-salt diet accumulated sodium at a concentration high enough to elicit NFAT5-mediated osmostress responses in local immune cells, and additional works have shown that a high-salt diet can exacerbate pathogenic autoimmune Th17 responses in mouse models of experimental autoimmune encephalitis. 14, 23 More recently, a direct connection between osmotic stress and immune defenses has been shown by the finding that sodium accumulates rapidly in infected wounds and enhances inflammatory functions in local macrophages through NFAT5. 2 NFAT5 shares a recognizably conserved DNA-binding domain with NFATc proteins but differs significantly from them in several key features. In contrast to NFATc, whose nuclear translocation is tightly regulated by calcineurin, NFAT5 lacks the calcineurin-binding motifs that define NFATc proteins, does not depend on calcineurin for its activation, and is found in both the nucleus and the cytosol in unstimulated cells. 8, 12, 24 Nonetheless, calcineurin can indirectly stimulate NFAT5 by enhancing its expression, for instance during lymphocyte activation by T-cell receptor signaling 25 or in mitogen- Figure 1 Effect of NFAT5 deficiency on the expression of Th17 cell-associated gene products in CD4 T cells under hypernatremia. (a) Expression of the indicated mRNAs in wild-type (Cd4 Cre Nfat5 WT (WT)) or NFAT5-deficient CD4 T cells (Cd4 Cre Nfat5 fl/fl (KO)) activated with antibodies to CD3 and CD28 in isotonic (300 mOsm kg − 1 ) or hypertonic medium (+NaCl, final 420 mOsm kg − 1 ) for 48 h. Circles represent independent experiments each with a different pair of wild type and NFAT5-deficient CD4 T-cell cultures. Bars within groups represent the mean ± s.e.m. (n = 6-8). Significance was determined by an unpaired t-test, with Welch's correction when variances differed significantly between sample groups (NFAT5, RORγt, IL-23R). ***Po0.001, **Po0.01 and *Po0.05. (b) mRNA levels of the indicated gene products in wild type or NFAT5-deficient CD4 T cells activated with antibodies to CD3 and CD28 in Th17-inducing conditions (TGFβ plus IL-6) in isotonic medium for 48 h. (c) Wild type or NFAT5-deficient CD4 T cells were activated in isotonic (300 mOsm kg − 1 ) of hypertonic medium (+NaCl, 420 mOsm kg − 1 ), with or without the RORγt inhibitor digoxin (Dig) during 48 h. mRNA levels are represented relative to the sample of wild-type CD4 T cells (WT) in hypertonic conditions (+NaCl, shown as 100%). Bars represent the mean ± s.e.m. (n = 5 independent experiments). Significance was determined by a one-sample t-test for comparisons between each point and its respective hypertonicity-treated wild-type control, which was given a value of 100% in each individual experiment. An unpaired t-test was used for comparisons between other groups of samples. ***Po0.001, **Po0.01 and *Po0.05. (d) Wild-type (WT) or NFAT5-deficient CD4 T cells (KO) were expanded for 3 days and reestimulated with antibodies to CD3 and CD28 in isotonic (300 mOsm kg − 1 ) or hypertonic (500 mOsm kg − 1 ) medium for 12 h. Formaldehyde crosslinked chromatin was immunoprecipitated with preimmune rabbit serum or a mixture of two rabbit polyclonal antibodies specific for NFAT5. Graphics represent the percentage of immunoprecipitated chromatin for Rorc (intron 2) or Akr1b3 (aldose reductase gene promoter) with respect to the chromatin input in each sample. Bars represent the mean ± s.e.m. (n = 3-5 independent experiments for Rorc and 2-4 experiments for Akr1b3). Statistical significance was determined by an unpaired t-test (*Po0.05).
NFAT5 regulates Th17 and IFNγ responses in T cells M Alberdi et al activated lymphocytes exposed to osmotic stress. 12 Activation of NFAT5 by osmostress in different cell types, including lymphocytes, is mainly regulated by the mitogen and stress-activated activated kinase p38, 14, 26, 27 with other kinases such as the DNA damage and stress response ataxia telangiectasia mutated, 28 Fyn, 26 protein kinase A 29 and the growth regulator mammalian target of rapamycin 30 also contributing to NFAT5 activation by osmotic stress.
While NFAT5 has been characterized as a general regulator of osmostress responses in multiple cell types, other works have identified osmostress-independent functions of this factor in different cells, leukocytes included. 31 NFAT5 is activated in macrophages in response to Toll-like receptor stimulation to regulate the induction of diverse gene products involved in inflammatory functions and antipathogen defense, and is particularly critical for macrophage responsiveness to low concentrations of pathogen-derived products. 32 In macrophages, NFAT5 has also been shown to exacerbate inflammatory responses in a model of Toll-like receptor-induced arthritis, 33 and to enhance HIV replication. 34 In thymocytes, NFAT5 regulates the transition through the double-negative stage, and suppression of NFAT5 impairs thymocyte progression to doublepositive cells and leads to a reduced pool of mature CD4 and CD8 peripheral T cells. 35 By contrast, suppressing NFAT5 after thymocytes have become double positive does not impair T-cell maturation or alter the homeostatic proportions of T-cell subsets in the periphery. 19, 35 In view of these observations we asked whether the role of NFAT5 in mature T cells was limited to osmostress responses or could extend to a wider set of functions. In this work we identify osmostress-dependent and -independent roles for NFAT5 in activated T cells. Results presented here show that NFAT5 regulated different responses depending on stress and stimulatory context. In CD4 T cells activated in hypertonic conditions in vitro NFAT5 enhanced the expression of IL-2 and the Th17-associated gene products RORγt and IL-23R, whereas in vivo-activated NFAT5-deficient CD4 T cells showed a skewing towards enhanced IFNγ and IL-17A expression. We also found that mice lacking NFAT5 specifically in T cells exhibited worsened intestinal pathology in an experimental model of colitis, and enhanced IFNγ mRNA expression in draining lymph nodes and colon. These results revealed a previously unsuspected capacity of NFAT5 to limit pathogenic inflammatory responses in osmostress-independent contexts.
RESULTS
Regulation of IL-2 and Th17-associated genes by NFAT5 in T lymphocytes exposed to hypernatremia To assess how the lack of NFAT5 in mature T cells might affect their function in osmostress and non-stress conditions we used two approaches. One was to activate CD4 T cells in culture with antibodies to CD3 and CD28 in isotonic or hypertonic medium, and the other was to stimulate T cells in vivo by injecting anti-CD3 antibody in mice. We used NFAT5 conditional knockout mice, Cd4 Cre Nfat5 fl/fl , which lacked NFAT5 specifically in mature T cells. 19 We had previously described that loss of NFAT5 in T cells in this mouse model did not cause any obvious phenotype in the T-cell compartment in homeostatic conditions. 19, 35 Exposure of CD4 T cells to hypernatremia during stimulation with antibodies to CD3 and CD28 enhanced the expression of the mRNA of IL-2 and the Th17 cell markers RORγt, IL-23R and IL-17A by 48 h (Figure 1 and Supplementary Figure S1 ). High salt also caused a mild increase in T-bet mRNA expression without enhancing IFNγ, did not affect the Treg cell marker FOXP3 and inhibited the expression of the Th2 markers GATA3 and IL-4 (Supplementary Figure S1 ). NFAT5-deficient T cells showed reduced induction of IL-2, RORγt and IL-23R mRNAs in response to hypernatremia, but induced IL-17A mRNA comparably to wild-type cells (Figure 1a) . NFAT5 did not affect T-bet, IFNγ and FOXP3 under hypernatremia, nor contributed to the downregulation of GATA3 and IL-4 (Supplementary Figure S1) . In these experiments, we did not detect any obvious effect of NFAT5 in the genes analyzed when T cells were not exposed to osmotic stress. We also asked whether NFAT5 could regulate Th17 induction by the polarizing cytokines IL-6 and TGFβ in isotonic conditions, and found that lack of NFAT5 did not impair the induction of RORγt, IL-17A and IL-23R (Figure 1b) . Altogether, these results showed that NFAT5 promoted a Th17-like phenotype when T cells were activated under hypernatremia, but not in the absence of osmotic stress.
The observation that IL-17A mRNA was induced by hypernatremia independently from NFAT5 led us to analyze the potential role of RORγt, as this factor is critical for the induction of Th17 genes in response to polarizing cytokines. Inhibition of RORγt with digoxin 36 revealed that induction of IL-17A in both wild type and NFAT5-deficient T cells was RORγt-dependent ( Figure 1c ). This factor was also needed to induce IL-23R but not NFAT5 or IL-2 ( Figure 1c ). This experiment suggested that even if RORγt was less strongly induced in NFAT5-deficient T cells under osmotic stress, it sufficed to induce IL-17A, and that NFAT5 could contribute to IL-23R expression under hypernatremia by enhancing RORγt induction. We noticed that the Rorc region between exons 2 and 3 that regulates its induction by Th17-promoting transcription factors such as STAT3 37 contained potential NFAT5-binding sites (5′-(A/G)TGGAAA(C/A/T)-3′). 8 Chromatin imunoprecipitation showed that NFAT5 bound to this Rorc region in CD4 T cells stimulated under hypertonic stress (Figure 1d ). Collectively, these experiments suggested that NFAT5 could facilitate the acquisition of Th17 features under hypernatremia by enhancing the expression of the main Th17-promoting factor RORγt.
Recent works have shown that cytokine-induced Th17 polarization is enhanced by hypernatremia in a manner dependent on the osmostress responsive kinases p38 and SGK1. 14, 23 Besides these pathways, we and others had shown previously that calcineurin and mammalian target of rapamycin complex 1 (mTORC1), which regulate Th17 induction downstream the T-cell receptor, are required for an efficient osmostress response in T lymphocytes. 27, 30, 38, 39 We analyzed the contribution of calcineurin and mTORC1 to the Th17-like response induced by hypernatremia (Supplementary Figure S2a) . The calcineurin inhibitor FK506 impaired the expression of IL-2, RORγt, IL-17A and aldose reductase (AR), a hallmark osmotic stress response gene product, but enhanced IL-23R induction. The mTORC1 inhibitor rapamycin strongly reduced the induction of IL-2, IL-17A, IL-23R and AR, and caused a partial inhibition of RORγt expression (Supplementary Figure S2a) . We also found that STAT3, an essential inducer of RORγt and IL-17 in response to IL-6, 40 was inhibited by hypernatremia in CD4 T lymphocytes stimulated through CD3 plus CD28, which suggested that it was not a main regulator of the Th17-like response induced by hypertonic stress (Supplementary Figure S2b) .
Altered Th/Treg balance in NFAT5-deficient T lymphocytes in the absence of osmotic stress We next analyzed whether NFAT5-deficient T cells showed differences in cytokine expression in response to in vivo stimulation. We injected mice intraperitoneally with an activating antibody to CD3, followed by a recall injection 2 days later, after which we isolated CD4 T cells from Figure S3 ). Mice were treated as in (a), except that they received intraperitoneal brefeldin A with the second anti-CD3 injection (4 h). Significance was determined by an unpaired t-test. **Po0.01, *Po0.05. The bottom panels show a parallel analysis of mRNA levels of samples of CD4 T cells from the same experiment.
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mesenteric lymph nodes. CD3-mediated T-cell stimulation in vivo has been shown to elicit an acute inflammatory response and the activation of Th17 cells. 41, 42 This experiment showed enhanced IFNγ and IL-17A mRNA induction in NFAT5-deficient CD4 T cells, together with a decrease in FOXP3 expression ( Figure 2a ). We did not find significant differences in the expression of IL-2 and IL-10, the Th1-associated markers T-bet and IL-12R and the Th2 markers GATA3 and IL-4 ( Figure 2a ). Although in this experiment we found reduced levels of FOXP3 but not lower CTLA4, pooled analysis of successive independent experiments revealed a bias towards reduced FOXP3 and CTLA4 expression relative to IFNγ and IL-17A in NFAT5-deficient lymphocytes ( Figure 2b ). Following these results we analyzed the respective proteins by intracellular staining and flow cytometry in mice injected with the Golgi inhibitor brefeldin A at the time of the second anti-CD3 injection. 43 This experiment showed a mild increase in intracellular IFNγ and reduced levels of FOXP3 and CTLA4 protein in NFAT5-deficient CD4 T cells ( Figure 2c and Supplementary Figure S3 ). This result was consistent with the skewing in mRNA expression observed in our previous experiments (Figures 2a and b) . However, when we analyzed the mRNA levels of these markers in T cells from the brefeldin A-treated mice, which we had separated before processing for intracellular staining, we found that they did not match the changes in protein levels ( Figure 2c , bottom panels). Although we do not have a straightforward explanation for this mismatch, it is possible that brefeldin A, which can activate inflammatory functions in macrophages by triggering the endoplasmic reticulum unfolded protein response and production of IL-1β, 44, 45 might have displaced the timing of mRNA induction. This, together with our having used a fixed time point for all our in vivo assays, and that the magnitude of mRNA changes between wild-type and NFAT5-deficient T cells was moderate (Figure 2a ) might have made us miss potential mRNA differences in this set of samples.
Our initial in vitro experiments had not revealed enhanced IFNγ or IL-17A mRNA induction in NFAT5-deficient T cells in unpolarized and Th17-stimulatory culture conditions (Figures 1a and b) . We then asked whether stimulation with the Th1-promoting cytokine IL-12 or induction of Treg cells with TGFβ plus IL-2 might reveal differences between wild-type and NFAT5-deficient T cells. Stimulation of wild-type CD4 T cells in the presence of exogenous IL-12 (Th1 conditions) induced a robust expression of IFNγ, but also a mild increase in IL-10, while stimulation with TGFβ plus IL-2 (Treg) induced FOXP3 and CTLA4 and downregulated IL-10 (Supplementary Figure S4) . This result indicated that IFNγ, FOXP3 and CTLA4 discriminated Th1 from Treg cells, whereas IL-10 was better expressed by Th1 than Treg cells. This result agrees with earlier reports showing that IL-10, which has immunosuppressive properties, can be produced by Th1 cells as a mechanism to limit excessive inflammatory responses. 46, 47 In view of this result we analyzed IFNγ and FOXP3 as respective Th1 and Treg markers. CD4 T cells 
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M Alberdi et al stimulated with IL-12 induced IFNγ comparably to wild-type ones in the first 48 h, but maintained a more prolonged expression of it up to 96 h (Figure 3a) . We also found a near significant increase in IFNγ protein in supernatants of NFAT5-deficent Th1 cultures after 96 h (Figure 3b ). In the absence of IL-12, both wild-type and NFAT5-deficient T lymphocytes expressed similar levels of IFNγ. We did not detect differences between lymphocytes of both genotypes in mRNA expression of T-bet, IL-17A and FOXP3 in the absence or presence of IL-12 at 48 or 96 h (Figure 3c ), nor differences in FOXP3 expression under Treg-inducing cytokines (Figure 3d ). These results indicated that in vitro stimulation of T cells with IL-12 could reproduce to some extent the enhanced induction of IFNγ observed in vivo in NFAT5-deficient T cells. In summary, analysis of several diagnostic Th and Treg markers throughout various independent in vivo experiments indicated that NFAT5-deficient CD4 T cells exhibited a modest but consistent pattern of skewing towards enhanced IFNγ and IL-17A expression relative to FOXP3 and CTLA4. Our culture experiments showed a more sustained expression of IFNγ in NFAT5-deficient cells under IL-12 stimulation, but we did not find changes in IL-17A and FOXP3 in Th17 and Treg cultures. This suggests that the in vivo phenotype of NFAT5-deficient CD4 T cells could depend on a richer context of regulatory cytokines and microenvironment variables than tested in our simpler culture conditions. Nonetheless, our collective results suggested that in the absence of osmostress NFAT5 could balance Th and Treg pro-and anti-inflammatory responses in T cells differently from its Th17-promoting effect observed under hypernatremia.
NFAT5 deficiency in T cells can exacerbate dextran sodium sulfate-induced colitis After having observed that NFAT5 could influence the expression of different T-cell activation genes in different contexts, we decided to explore whether T cells lacking NFAT5 might alter the outcome of an inflammatory response in vivo using the model of colitis induced by dextran sodium sulfate (DSS). 48 DSS disrupts the intestinal epithelial barrier, leading to the activation of pathogenic Th17 and Th1 responses. [49] [50] [51] [52] [53] We first did an exploratory experiment in which mice were given 3% DSS in their drinking water during 4 days and then allowed to recover with normal water up to 6 more days. We found that mice whose T cells lacked NFAT5 (Cd4 Cre Nfat5 fl/fl mice) had shorter colons than wild-type ones after DSS (Supplementary Figure S5a) , although we did not observe differences in body weight loss between both mouse genotypes (Supplementary Figure S5b) . We also found higher expression of IFNγ and IL-17A mRNA in mesenteric lymph nodes (mLN) of Cd4 Cre Nfat5 fl/fl mice than in wild-type ones 4 days after DSS, a difference that disappeared by day 6 post-DSS (Supplementary Figure S5c) . Both mouse genotypes showed similar expression of FOXP3, CD4 and CD8 mRNA in mLNs, but we found increased mRNA levels of CTLA4 at day 4 and a near significant decrease in IL-2 at day 6 in mLN of Cd4 Cre Nfat5 fl/fl mice. We repeated the experiment, this time using a longer DSS treatment of 5 days to induce a stronger response, and analyzed mice 2 and 4 days later. We again observed a more pronounced shortening of the colons in Cd4 Cre Nfat5 fl/fl mice, which also exhibited a delayed recovery of body weight after the DSS treatment (Figures 4a and b) . Histopathology analysis of colon sections revealed similar types of lesions in both mouse genotypes at day 2 post-DSS, with severe inflammation, a diffused distribution involving mucosa and submucosa, epithelial erosion and crypt disappearance, loss of goblet cells, and areas of mucosal ulceration (Figure 4c ). Whereas wild-type mice began to recover by day 4 post-DSS, Cd4 Cre Nfat5 fl/fl mice had a poorer recovery and exhibited a significantly higher extension of colon lesions (Figure 4c and d) . As in our first experiment, we detected elevated levels of IFNγ and CTLA4 mRNA in mLN of Cd4 Cre Nfat5 fl/fl mice 4 days after DSS treatment (Figure 5a ), but not earlier at day 2 post-DSS. FOXP3 mRNA levels in mLN did not vary between both mouse genotypes in mLN and colon. We also found increased expression of IL-10 and reduced levels of IL-2 mRNA in mLN of Cd4 Cre Nfat5 fl/fl mice. We did not observe differences in the mRNA levels of various T-cell subset markers: CD4, CD8, TCRα and TCRγ ( Figure 5a ). As mRNA levels of these markers could be considered a surrogate for the abundance of the respective T-cell subsets, this result suggested that these populations were comparably represented in wild type and Cd4 Cre Nfat5 fl/fl mice, and that changes in IFNγ and CTLA4 mRNA reflected a shift in their activation or polarization profile. Regarding IL-17A mRNA, both genotypes expressed comparable levels in mLN, but Cd4 Cre Nfat5 fl/fl mice had elevated IL-17A, together with higher IFNγ, in the proximal colon at day 4 post-DSS (Figure 5b ). Samples from distal colon did not show differences between both mouse genotypes for these cytokine mRNAs (Figure 5b) .
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In both experiments we found comparable expression of the macrophage marker CD11b in mLN of DSS-treated mice of both genotypes, but higher expression of inducible nitric oxide synthase (iNOS) mRNA and reduced expression of mannose receptor (MRC1) in Cd4 Cre Nfat5 fl/fl mice, which was consistent with a pro-inflammatory shift in local macrophages (Figure 5a and Supplementary Figure S5c) . In these samples, arginase 1 (Arg1) expression was also enhanced. Arg1 is considered a marker of macrophages associated with healing responses in inflammatory contexts, but can be induced by pro-inflammatory stimuli in tissue-resident macrophages. [54] [55] [56] The simultaneous elevation of both Arg1 and iNOS in DSS-treated Cd4 Cre Nfat5 fl/fl mice could reflect a heightened state of inflammation in these mice.
We also analyzed the expression of aldose reductase (AR), a general hypertonic stress marker in lymphocytes and other cell types, 10, 30 as an indirect way to monitor whether the local tissue exhibited and osmostress response. We did not find increased expression of AR in colons of DSS-treated mice (Figure 5b ), which suggested that enhanced cytokine expression in Cd4 Cre Nfat5 fl/fl mice did not coincide with a sustained osmotic stress response.
The results of the DSS experiments suggest that whereas lack of NFAT5 in T cells led to a more pronounced Th1 and Th17 response, accompanied by enhanced expression of macrophage inflammatory markers, it also produced a progressive elevation of CTLA4 by day 4 post-DSS. An enhanced regulatory response could result from the initially heightened inflammation, and reflect its resolution towards recovery. In this regard, Th and Treg markers were both downregulated by day 6 post-DSS as mice recovered body weight and colon length (Supplementary Figure S5) . These data, together with the in vitro Th1 cultures and in vivo T-cell stimulation with anti-CD3, depict a repeatedly altered pattern of enhanced pro-inflammatory markers associated with the lack of NFAT5 in T cells. Altogether, these results suggest that NFAT5 could play a role in T cells as attenuator of potentially pathogenic responses in vivo.
DISCUSSION
In this work we show that NFAT5 may play different roles as a regulator of CD4 T cells depending on the stimulatory context, and we identify an osmostress-independent capacity of this factor to regulate Th and Treg features in activated T cells and attenuate pathogenic inflammatory responses.
Under hypernatremia, NFAT5 enhanced the expression of IL-2 and several Th17 gene products. Early works had shown that osmotic stress enhanced IL-2 induction in activated T cells, 57 but its dependence on NFAT5 had not been tested. NFAT5 also enhanced expression of RORγt and IL-23R, but was not necessary for hypernatremia-induced IL-17A expression. Instead, Il-17A induction under osmotic stress was likely sustained by RORγt even in NFAT5-deficient T cells that expressed reduced RORγt levels. Hypernatremia also impaired the induction of the Th2-associated markers GATA3 and IL-4, but this inhibitory effect did not involve NFAT5. Recent works have described the costimulatory effect of osmotic stress on cytokine-induced Th17 responses. 14, 23 Our results further show that even in the absence of exogenous polarizing cytokines, sustained hypernatremia can bias T-cell activation towards a Th17-like phenotype, in part through NFAT5-mediated induction of RORγt.
In contrast to osmostress conditions, a deficiency of NFAT5 in T cells led to enhanced IFNγ and IL-17A expression in different in vivo experimental settings. In DSS-induced colitis, Cd4 Cre Nfat5 fl/fl mice exhibited an extended window of elevated IFNγ and IL-17A mRNA in mLNs and colon, paralleled by increased CTLA4 expression. Simultaneously enhanced expression of IFNγ, IL-17A and CTLA4 in day 4 post-DSS samples in Cd4 Cre Nfat5 fl/fl mice could reflect a heightened inflammatory state progressing towards resolution, since these markers were all downregulated by day 6 post-DSS as mice recovered body weight and colon length. In this regard, the inflammatory macrophage marker inducible nitric oxide synthase was more expressed in mLN of DSS-treated Cd4 Cre Nfat5 fl/fl mice while expression of MRC1 was reduced, an observation consistent with the effect of IFNγ on macrophages and a pro-inflammatory shift in them. 55 On the other hand, arginase 1 expression was also enhanced in Cd4 Cre Nfat5 fl/fl mice. Although arginase 1 is often considered a marker of anti-inflammatory or M2-spectrum macrophages, particularly in macrophages differentiated from bone marrow in vitro (BMDM), it can be induced by pro-inflammatory stimuli, such as Toll-like receptor ligands and in the presence of IFNγ in tissue-resident macrophages. [54] [55] [56] It is likely that these changes in different macrophage activity markers reflect a state of ongoing unresolved inflammation, which would be consistent with the exacerbated intestinal pathology in Cd4 Cre Nfat5 fl/fl mice.
While we found increased IFNγ and IL-17A mRNA in NFAT5-deficient T cells in both in vivo stimulation with anti-CD3 and the DSS experiments, these assays showed a divergence in FOXP3 and CTLA4 expression. This could reflect differences between the two types of experiments in the kinetics of T-cell activation or in stimulatory conditions to which T cells were exposed in vivo, and suggests that the impact of NFAT5 on T-cell gene profiles could vary depending perhaps on the cytokine microenvironment or stress conditions. This possibility agrees with our in vitro assays, in which we found that NFAT5-deficient T cells induced more IFNγ than wild-type ones upon prolonged stimulation with IL-12, had no obvious defects in FOXP3 or Th17 markers under respective Treg-or Th17-inducing conditions, and exhibited reduced expression of Th17 markers and IL-2 under osmotress.
Our findings suggest that NFAT5 does not regulate a fixed program of T-cell polarization. While we observed a repeated trend of NFAT5 attenuating IFNγ expression in cultured Th1 cells and in vivo, we also found it to regulate different gene patterns in DSS-induced colitis than in anti-CD3 treated mice, or in vitro under hypernatremia. Our results open the obvious question of how can NFAT5 regulate diverse genes in different stimulatory settings. One possibility could be that NFAT5 acted as an opportunistic, context-dependent regulator. Unlike the calcineurin-activated NFATc proteins, whose nuclear translocation is tightly controlled in a stimulus-dependent manner, NFAT5 is distributed in both the nucleus and cytoplasm in T cells. 8, 12, 24 The constitutive nuclear residency of NFAT5 could facilitate its access to target genes, although subordinated to a permissive chromatin configuration conferred by specific stimulatory and stress conditions. This dependence has been shown in macrophages, where NFAT5 is constitutively bound to the Tnf promoter already in unstimulated conditions, but depends on Toll-like receptor stimulation and histone deacetylation to bind to the Nos2 promoter. 32 One example of a T-cell transcription factor dependent on the chromatin configuration context is STAT5. In response to IL-2 signaling STAT5 translocates to the nucleus but cannot activate transcription unless simultaneous TCR signaling decondenses chromatin to allow its access to target genes. 58 Another one is c-Myc, which does not control a fixed set of genes in lymphocytes but regulates those that have been previously activated and exhibit an open chromatin configuration. 59 In line with these observations, it would not be unexpected that in different in vivo microenvironments, where T cells are subjected to multiple inputs, some of them instructing them in different directions, NFAT5 could influence different T cells features asymmetrically depending on the stimulatory and stress context. Further research will be needed to identify direct NFAT5 target genes in various phases of T-cell activation or polarization by different inducers, as well as exploring its ability to regulate gene patterns indirectly by influencing other signaling and transcription regulators in specific stimulatory contexts.
Our finding that lack of NFAT5 in T cells could worsen inflammatory processes is in line with the recent characterization of the first human patient identified to date with an NFAT5 haploinsufficiency, 60 who presented with an autoimmune enterocolopathy with symptoms resembling inflammatory bowel disease. T lymphocytes of this patient expressed NFAT5 to about 20% of the level found in healthy individuals and had reduced capability to resist hypertonic stress. Intriguingly, in the absence of hypernatremia the deficiency in NFAT5 affected CD4 and CD8 T cells differently: while the patient's CD4 T cells induced tumor necrosis factor-α and IFNγ normally after short-term unpolarized stimulation, his CD8 T cells had reduced production of both cytokines. 60 Although this study did not analyze the patient's T-cell responses at longer time points, the lack of defects in early CD4 T-cell responses coincide with our results in NFAT5-deficient T cells. The patient also had fewer NK cells and an altered distribution of B cell subsets in comparison with healthy controls, indicating that insufficient expression of NFAT5 was associated with perturbations in diverse leukocyte populations. The same study also found that patients with ulcerative colitis and Crohn's disease showed reduced levels of NFAT5 mRNA in intestinal tissue compared with healthy controls. 60 The association observed in this study, between reduced NFAT5 expression and enhanced intestinal inflammation, is intriguing in view of our results showing that a deficiency in NFAT5 in T cells could exacerbate colitis in an experimental mouse model. Although the intestinal inflammatory disease in this patient likely involves alterations in other cell subsets besides T lymphocytes and may not be directly comparable with our T-cell-specific Nfat5 deletion mouse model, it is nonetheless suggestive that in both scenarios a deficiency in NFAT5 was associated with T-cell dysfunctions in the absence of osmotic stress and exacerbation of inflammatory processes.
The ability of NFAT5 to regulate osmostress-independent functions in T cells has remained relatively unexplored. Our results here indicate that in non-osmostress conditions NFAT5 can modulate different T-cell functions than in response to hypernatremia, and play a significant role in attenuating pathologic inflammatory responses. These findings, together with recent works identifying NFAT5 as a regulator of early stages of thymocyte differentiation 35 and links between NFAT5 and autoimmune disease in humans, 60 are beginning to uncover new roles for this factor in T-cell biology, as well as opening questions for future studies.
METHODS Mice
Cd4 Cre Nfat5 wt/wt (wild type) and Cd4 Cre Nfat5 fl/fl mice 19, 61 were bred and housed in specific pathogen-free conditions at the animal facility of the Biomedical Research Park of Barcelona (PRBB). For DSS-induced colitis experiments, mice were kept at the animal facility of Universidad de Cantabria. Animal handling and experiments were in accordance with protocols, respectively, approved by the ethics committee of the PRBB Animal Care and Use Committee, or the Cantabria University Institutional Laboratory Animal Care and Use Committee, and carried out in accordance with the Declaration of Helsinki and the European Communities Council Directive (86/609/EEC).
CD4 T-cell isolation and culture
Mouse CD4 + T cells were obtained from spleens and lymph nodes of Cd4 Cre Nfat5 wt/wt (wild type) and Cd4 Cre Nfat5 fl/fl mice. Spleen and lymph nodes were disaggregated and CD4 + T cells were isolated with the CD4 + isolation magnetic bead system Dynabeads/Detachabead (Invitrogen Dynal AS, Oslo, Norway; catalog 11445D and 12406D, respectively) according to the manufacturer's instructions. Cells were activated with hamster anti-mouse CD3 (clone 145-2C11) (1 μg per 10 6 cells) plus hamster anti-mouse CD28 antibodies (1 μg per 10 6 cells) (BD Biosciences, San Jose, CA, USA; catalog 553058 and 553295) on 12-well plates coated with goat anti-hamster-IgG (9.5 μg cm − 2 , CAPEL; MP Biomedicals, Solon, OH, USA; catalog 55397) and cultured in DMEM culture medium (Life Technologies, Rockville, MD, USA) supplemented with 10% fetal bovine serum (Life Technologies), non-essential amino acids (Life Technologies), 2 mM L-glutamine (Life Technologies), 50 μM β-mercaptoethanol (Life Technologies), 10 mM HEPES (Lonza, Basel, Switzerland), 1 mM sodium pyruvate (Life Technologies) and penicillin and streptomycin (Life Technologies). 19 For cultures lasting longer than 48 h, 5 ng ml − 1 recombinant human IL-2 (Proleukin; Chiron, formerly Eurocetus, Emeryville, CA, USA) was added at 48 h. For Th17 conditions, cells were stimulated with antibodies specific for CD3 and CD28 plus 10 ng ml − 1 IL-6 (ImmunoTools, Friesoythe, Germany; catalog 12340063) and 2.5 ng ml − 1 TGFβ (PeproTech, Rocky Hill, NJ, USA; catalog 100-21). For Th1 conditions 5 ng ml − 1 IL-12 (PeproTech; catalog 210-12) was added. For Treg conditions 5 ng ml − 1 TGFβ (PeproTech; catalog 100-21) and 5 ng ml − 1 recombinant human IL-2 were added. Rapamycin (Calbiochem, San Diego, CA, USA) was used at 50 nM, FK506 (Calbiochem) at 100 nM and digoxin (Sigma-Aldrich, St Louis, MO, USA) at 10 μM.
Hypertonic stress
The osmolality of the culture medium was measured in a VAPRO 5520 vapor pressure osmometer (Wescor, Logan, UT, USA). As the osmolality of the T-cell medium with supplements was 330 mOsm kg − 1 , 10% sterile endotoxin-free water (Grifols, Barcelona, Spain) was added for adjusting it to 300 mOsm kg − 1 . This medium was made hipertonic by adding NaCl from a 4 M sterile stock solution. Over the baseline of 300 mOsm kg − 1 (isotonic conditions), addition
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M Alberdi et al of 60 mM NaCl raised the osmolality to 420 mOsm kg − 1 . This value is comparable to that measured in the skin of rodents after a prolonged highsalt-diet or in the interstitial fluid of infected wounds in mice and humans. 2, 22 Chromatin immunoprecipitation CD4 + T cells stimulated with anti-CD3 and anti-CD28 antibodies were grown for 3 days in IL-2-containing medium, then cleared of dead cell and debris by centrifugation on Lymphoprep (StemCell Technologies, Vancouver, BC, Canada; catalog 07801), and activated again for 12 h with hamster antimouse CD3 (1 μg per 10 6 cells) plus hamster anti-mouse CD28 antibodies (1 μg per 10 6 cells) in plates coated with goat anti-hamster IgG, in media at 300 or 500 mOsm kg − 1 . Cells (16 × 10 6 ) were fixed with 1% formaldehyde for 10 min at room temperature. Formaldehyde was quenched with glycine (final concentration of 125 mM) for 5 min. After washing cells once with cold phosphate-buffered saline and once with phosphate-buffered saline with 1 mM phenylmethylsulfonyl fluoride (PMSF), cells were lysed in 175 μl of lysis buffer (50 mM Tris-HCl pH 8, 10 mM EDTA, 1% SDS, 1 mM PMSF, 5 μg ml − 1 leupeptin, 5 μg ml − 1 aprotinin, 1 μg ml − 1 pepstatin A, 10 mM NaF, 10 mM sodium orthovanadate and 10 mM β-glycerophosphate) for 30 min on ice and stored at − 80°C for at least 1 h. Lysates were sonicated with a bath sonicator (Bioruptor; Diagenode, Liège, Belgium) for six cycles of 30 s on and 30 s off on high power to obtain DNA fragments between 500 and 1000 bp, and centrifuged at 16 000 g to remove insoluble debris. Supernatants were collected and 6% of each sample was separated to use as a measure of chromatin imput for normalization. The rest of the sample was diluted 10 times in ChIP dilution buffer (1% TX-100, 20 mM Tris-HCl pH 8, 2 mM EDTA, 150 mM NaCl, 1 mM PMSF, 5 μg ml − 1 leupeptin, 5 μg ml − 1 aprotinin, 1 μg ml − 1 pepstatin A, 10 mM NaF, 10 mM sodium orthovanadate and 10 mM β-glycerophosphate).
Samples were precleared for 1 h with protein A-sepharose beads (Amersham Biosciences, Uppsala, Sweden; catalog 17-0780-01) that were previously preadsorbed with fish sperm DNA (Roche, Indianapolis, IN, USA; catalog 11 467 001) and bovine serum albumin (New England Biolabs, Beverly, MA, USA; catalog B9001S) overnight at 4°C. After removing the preclearing beads, 20 μl preimmune serum, or a mixture of two rabbit polyclonal NFAT5-specific antibodies that recognize its N-terminal and DNA-binding domain regions 8 (10 μl of each), were added to the lysates and incubated overnight at 4°C. Preadsorbed protein A-sepharose beads were then added, incubated for 1 h at 4°C and then washed three times with washing buffer (0.1% SDS, 0.1% TX-100, 20 mM Tris-HCl pH 8, 2 mM EDTA and 150 mM NaCl) and once with final washing buffer (0.1% SDS, 1% TX-100, 20 mM Tris-HCl pH 8, 2 mM EDTA and 500 mM NaCl). For DNA elution, beads were incubated with elution buffer (1% SDS and 100 mM NaHCO 3 ) for 15 min at room temperature in a shaker. To reverse the crosslinking, samples were incubated overnight at 65°C with 6 ng μl − 1 RNase (Roche; catalog 11 119 915 001) and DNA was purified using the phenol/chloroform protocol. DNA was subjected to real-time quantitative PCR. DNA from each sample was normalized to its respective chromatin input. Primer sequences for the PCR reactions were: Rorc intron 2, forward: 5′-TgT ACC ACA CTg gTT ATg gC-3′, reverse: 5′-CTT CAC CAA gTg ACATCA gg-3′; Akr1b3 (AR) promoter, forward: 5′-CAC CAg AAT TTC CAC ATg CC-3′, reverse: 5′-Agg gAC AAC TgC ATC TgC AA-3′.
Real-time quantitative PCR and mRNA analysis
Total RNA was isolated using the High Pure RNA isolation kit (Roche; catalog 11 828 665 001), quantified in a NanoDrop (ND-1000) spectrophotometer and total RNA (100 ng to 1 μg) was retro-transcribed to cDNA using 
In vivo treatment with anti-CD3 antibody
Cd4 Cre Nfat5 wt/wt (wild type) and Cd4 Cre Nfat5 fl/fl mice were injected intraperitoneally with a stimulatory antibody to CD3 (clone 145-2C11) (0.8 mg kg − 1 ) at 0 and 48 h. CD4 + T cells were isolated from mesenteric lymph nodes 4 h after the second injection with the CD4-positive isolation magnetic bead system (Dynabeads, Invitrogen Dynal AS; catalog 11445D).
Intracellular cytokine staining
Mice were injected intraperitoneally with antibody to CD3 as described above at day 0 and again 48 h later. Mice received intraperitoneal brefeldin A (4 mg kg − 1 ) 43 (Sigma-Aldrich; catalog B7651) together with the second anti-CD3 injection. Mesenteric lymph nodes were harvested 4 h later and processed for intracellular cytokine staining using the eBioscience ICS kit and protocol (catalog 00-5123-43 and 00-5233-56). Before fixing cells, an aliquot was separated for isolating CD4 + lymphocytes for RNA extraction. Cells used for intracellular cytokine staining were stained with PECy5-conjugated rat anti-mouse CD4 antibody (eBioscience; 15-0042-83) before fixing and permeabilizing. Antibodies used for flow cytometry were PE-conjugated rat anti-mouse IFNγ antibody (BD Biosciences; catalog 554412), PE-conjugated rat anti-mouse FOXP3 antibody (eBioscience; catalog 12-5773-80) and APC-conjugated hamster anti-mouse CTLA4 antibody (eBioscience; catalog 17-1522-80). Samples were analyzed with a BD LSR-II flow cytometer (BD Biosciences) and cytometry software FlowJo 7.5 (FlowJo, LLC, Ashland, OR, USA).
DSS-induced colitis
Colitis was induced by 3% (w/v) DSS (molecular weight 36000-50000; ICN Biochemicals, Aurora, OH, USA) added to the drinking water for 4 or 5 days as indicated in the figures. Mice were weighted every day during and after DSS treatment, and were killed for further analysis at days 4 and 6 after DSS treatment for the first experiment, and days 2 and 4 post-DSS for the second experiment. Colon length was measured for assessing inflammation and proximal and distal regions were removed for histology and mRNA analysis. Sections (4 μm) of paraffin-embedded tissues were stained with hematoxylin and eosin. For the histological analyses, images were captured and quantified with an Axio Scan Z1 equipped with the ZEN 2012 (blue edition) software (Zeiss Iberica, Madrid, Spain). Whole mesenteric lymph nodesand colon sections were also obtained for mRNA analysis.
Statistical analysis
Statistical analyses were performed with GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA). Significance of the differences between sets of experimental data was determined with an unpaired Student's t-test, with Welch's correction whenever variances were significantly different between the compared groups, with a one-sample t-test for comparison of samples in one experimental condition with a reference control sample, or with a nonparametric Mann-Whitney test when samples did not follow Gaussian distributions.
